Instability and dewetting of evaporating thin water films on partially and completely wettable substrates J. Chem. Phys. 110, 1735 (1999) Abstract. This paper presents an investigation of heat transfer correlation in a falling-film evaporator working with saline water at sub-atmospheric pressures. The experiments are conducted at different salinity levels ranging from 15000 to 90000 ppm, and the pressures were maintained between 0.92 to 2.81 kPa (corresponds to saturation temperatures of 5.9 -23 0 C) .The effect of salinity, saturation pressures and chilled water temperatures on the heat transfer coefficient are accounted in the modified film evaporation correlations. The results are fitted to the Han & Fletcher's and Chun & Seban's falling-film correlations which are used in desalination industry. We modify the said correlations by adding salinity and saturation temperature corrections with respective indices to give a better agreement to our measured data.
INTRODUCTION
Falling film evaporation processes are common in the chemical, food and desalination industries due to (i) high heat transfer coefficient, (ii) low liquid mass required in the evaporator, (iii) high evaporation rates and (iv) lower temperature differential. In desalination application, the falling film evaporative process reduces the equipment and maintenance costs by mitigating corrosion and scaling. For falling-film evaporator design, steam condenses inside the tubes and saline water is sprayed on the outer surfaces of tubes, casing an evaporation of the solution. The generated vapour separates from the liquid film adhering to the tube surfaces resulting in a higher overall heat transfer coefficient. This process is dependent on three heat transfer resistances: The condensation, the tube material and the evaporative resistances. Many researchers reported that the falling-film coefficient can reach 50% of the condensation heat transfer coefficient and thus, the overall heat transfer coefficient is controlled by the falling film coefficient [1, 2] .
Yang and Shen [1] , Ribatski and Jacobi [3] , Aly et al. [4] , Bourouni et at. [5] and Liu and Yi [6] investigated the effect of different operating and designing parameters (heat flux, feed flow rate, feed temperature, feed concentration, tube diameter, tube geometry, liquid feeder configuration, vapor flow etc.) on evaporative heat transfer coefficient (EHTC). They found that EHTC increases with increase in operating saturation temperature and heat fluxes. While many theoretical and empirical correlations have been developed at different operating conditions, the Han & Fletcher's [7] correlation for temperatures between 49 -127 0 C is given in equation 1.
( ) ( ) This falling film evaporation heat transfer coefficient (FFEHTC) is based on pure water flowing outside the circumferentially grooved electrically heated tubes. Chun & Seban [8] performed the experiments to find out the EHTC for evaporation outside the vertical tubes. Their experiments were based on distilled water flowing outside the vertical tube which was heated by electrical power. Both Han & Fletcher's [7] and Chun & Seban's [8] correlations are extensively used in desalination industry depending on evaporator design horizontal or vertical tubes. Aly et al. [4] investigated the effect of feed water salt concentration for evaporator saturation temperature ranging between 82 -111 0 C and found that the overall heat transfer coefficient increases with concentration. In the literature, there has not been a standard correlation for low saturation temperature ranging from 5.9 -23 0 C (corresponds to saturation pressure of 0.92 -2.81 kPa) with varying salinity levels 15000 -90000ppm which is important for low pressure falling film evaporation process. The objective of this experimental study is to investigate the FFEHTC for horizontal tube evaporator at saturation temperature ranging from 5.9 -23 0 C (corresponding saturation pressure is 0.92 -2.81kpa) and salt concentration from 15000 -90000ppm. The results are then tabulated and compared with Han & Fletcher's correlation [7] . Based on this comparison, salinity and temperature terms are then incorporated in Fletcher's correlation. The constants/coefficient in the original correlation is also modified to include the effect of sub-atmospheric operation conditions. This modified Fletcher's correlation is found to be in good agreement with the authors' experimental results. The authors' also compared the results with Chun & Seban's [8] correlation and to accommodate the salinity and low saturation temperature effect the said correlation is also modified. This modified Chun & Seban's correlation is also found to be in good agreement with the authors' experimental results.
EXPERIMENTS
Adsorption desalination (AD) plant [9] [10] [11] in air conditioning laboratory at National University of Singapore is used to perform the experiments as shown in Fig.1 . The evaporator of AD plant consists of 48 numbers of stainless steel tubes, arranged in 4-rows, each consist of 12 tubes. For feed (saline water) spray onto the tubes, a spray header with special spray nozzle is fitted inside the evaporator. A vacuum pump is provided to pull the vacuum in case of air ingress into the system and it maintained the saturation pressure inside the evaporator according to chilled water temperature. 
Experimental Procedure
The heat source, chilled water is circulated through the tubes and its temperature is maintained via conditioning facility provided with AD plant. The feed, saline water charged to the evaporator via pre-treatment facility (including de-aeration and filtering). Spray pump then sprayed the saline water onto the tubes. The heat transfer from chilled water to falling film causes its evaporation outside the tube. To control the salt concentration and maintain the falling film evaporation saline water level is regulated inside the evaporator. This also helps to prevent the fouling and corrosion of the evaporating unit. Evaporator shell side saturation pressure is always maintained at lower level than the corresponding saturation temperature of circulating chilled water to ensure evaporation all the time. The evaporator is connected to adsorption/desorption beds via pneumatic controlled butterfly valves to maintain the continuous evaporation. Special high speed camera was installed to view inside the evaporator during experiments. Fig.2 shows spray of saline water and evaporation effect inside the evaporator. 
Instrumentation
To measure all the temperature including feed and vapor, 5kΩ type thermister (±0.1 0 C) are installed on evaporator at various point. For pressure reading, Yokogawa M&C corporation pressure transmitters (0-50kpa abs) are provided at different locations. Similarly flow rate is controlled by diaphragm valve and flow meters. All temperature, Pressure and flow readings are continuously monitored by a data logger. The total heat supplied by the chilled water to the saline water is calculated by: The results show a linear increase in the overall heat transfer coefficient with increasing saturation temperatures, and this is attributed to the drop in the specific volume of vapours. The effect of salinity is marginal about 5% at most. These distributions can be seen in Fig.3 .
RESULTS AND DISCUSSION
As there is no available correlation for falling film evaporative heat transfer at sub-atmospheric pressures, the existing Han & Fletcher (for horizontal tubes) and the Chun & Seban (for vertical tubes) are unable to capture the trend of our experiments, as shown in Fig.3 .
We incorporated two additional parameters, namely the salinity and saturation temperature terms, as shown equations in Table-3 , and a further regression with these parameters give a good agreement with our experiments and the uncertainty is found to be less than 4.5%. The results are shown below in Fig.4 . 
CONCLUSIONS
The falling film evaporation heat transfer coefficient has been measured experimentally and correlated with modified known correlations for sub-atmospheric operating conditions. The overall heat transfer coefficient is found to increase with increasing chilled water temperatures due to a drop in the specific volume of vapor. The saline water concentration has marginal effect about 5% at most on overall heat transfer at all operating conditions. The Han & Fletcher's and Chun & Seban's correlations are unable to capture the correct trend of heat transfer coefficients, with the latter over predicting and the former tend to under predict, and they are un-suitable for vacuum pressures and low temperature application. We incorporated correction terms to account for both the salinity and temperature effects. With these improved parameters, the said correlations are found to have good agreement with experimental results with an experimental uncertainty of 4.5%. The improved correlations can be used for chilled water temperature ranging 10 -30 0 C (corresponding evaporator saturation temperature 5.9 -23 0 C and saturation pressure ranging 0.92 -2.81kpa) and for saline concentration as high as 90000ppm. 
